In recent years, a low pressure transition around P ∼ 3 GPa exhibited by the A 2 B 3 -type 3D topological insulators is attributed to an electronic topological transition (ETT) for which there is no direct evidence either from theory or experiments. We address this phase transition and other transitions at higher pressure in bismuth selenide (Bi 2 Se 3 ) using Raman spectroscopy at pressure upto 26.2 GPa. We see clear Raman signatures of an isostructural phase transition at P ∼ 2.4 GPa followed by structural transitions at ∼ 10 GPa and 16 GPa. First-principles calculations reveal anomalously sharp changes in the structural parameters like the internal angle of the rhombohedral unit cell with a minimum in the c/a ratio near P ∼ 3 GPa. While our calculations reveal the associated anomalies in vibrational frequencies and electronic bandgap, the calculated Z 2 invariant and Dirac conical surface electronic structure remain unchanged, showing that there is no change in the electronic topology at the lowest pressure transition. a electronic mail:asood@physics.iisc.ernet.in
that the SOC leads to the reversal of valence and conduction bands of opposite parity, and hence changes the Z 2 topological index from 0 to 1, characterizing the electronic topological transition (ETT). Mechanical strain also has an impact on the topological insulating phase by tuning the relative strength of SOC vis-a-vis the crystal field splitting 22 . It was shown that application of hydrostatic pressure (∼ 3 GPa) turns a band insulator Sb 2 Se 3 into a topological insulator 23 , whereas a topological insulator Bi 2 Se 3 can be converted into a band insulator by applying tensile strain 24, 25 .
An iso-structural compound, Bi 2 Te 3 undergoes a superconductivity transition [26] [27] [28] with pressure around 4 GPa (at low temperature), providing a platform to probe Majorana α → β at ∼ 10 GPa, β → γ at ∼ 16 GPa and γ → δ at ∼ 25 GPa respectively, and then focus on the IST at P ∼ 3 GPa.
II. EXPERIMENTAL DETAILS
Thin platelets (∼ 30-40 µm thick ) cleaved from Bi 2 Se 3 single crystals were placed together with a ruby chip into a stainless steel gasket inserted between the diamonds of a Mao-Bell-type diamond anvil cell (DAC). Methanol-ethanol (4:1) mixture was used as the pressure transmitting medium; the pressure was determined via the ruby fluorescence shift.
Unpolarized Raman spectra were recorded in backscattering geometry using 488 nm excitation from an Ar + ion laser (Coherent Innova 300). The spectra were collected by a DILOR XY Raman spectrometer coupled to a liquid nitrogen cooled charged coupled device, (CCD 3000 Jobin Yvon-SPEX). After each Raman measurement, calibration spectra of a Ne lamp were recorded to correct for small drifts, if any, in the energy calibration of the spectrometer. Laser power(< 5 mW) was held low enough to avoid heating of the sample. The peak positions were determined by fitting Lorentzian line shapes with an appropriate background.
III. COMPUTATIONAL DETAILS
We employ the Quantum ESPRESSO (QE) code 41 for first-principles calculations based on density functional theory along with both fully relativistic and scalar-relativistic pseudopotentials. While the spin-orbit coupling (SOC) has profound effect in modifying electronic properties of a material containing heavy elements, it has only weak effects on vi- The surface electronic structure of Bi 2 Se 3 is calculated with a 10×10×1 mesh of k-points in the Brillouin zone of a hexagonal supercell containing a slab of QLs stacked along the z-direction. While constructing the slab for the surface calculations, we use the relaxed coordinates of the bulk and use 6 QLs above which a vacuum of 15Å is added to prevent the electrostatic interaction between the periodic images of the slab under consideration.
IV. RESULTS AND DISCUSSION
The crystal structure of bulk Bi 1g with pressure inside the DAC due to low signal to noise ratio and high scattering background, and hence will focus our attention on the E ) are given in Fig. 2 as well as in Table I .
From Fig. 2 57, 58 . Fig. 2 (inset) shows the pressure dependence of all Raman modes in the return pressure cycle, and it is clear that α-Bi 2 Se 3 is recovered around 5 GPa.
We have carried out total energy calculations of the three different phases (α, β and γ)
of Bi 2 Se 3 as a function of pressure. Enthalpies H(P) of these structures reveal that α to β phase transition occurs at 12 GPa in agreement with our experiment as well as others 33, 57, 59 and β to γ phase transition takes place at 28 GPa (see Figs. S1 and S2 in supplementary material). The difference in our experimental transition pressure from β to γ phase at 16
GPa and calculated transition pressure of ∼ 28 GPa may be related to some non-hydrostatic component in the experiments, as also mentioned by Vilaplana et al. We now analyze the nature of the phase transition at 2.4 GPa in details through the results of first-principles calculations. Our calculation show an unusual change in the internal angle (α) of the rhombohedral unit cell near 3 GPa (see Fig. 3(a) ). This anomalous change is also reflected in an anomaly in the c/a ratio of Bi 2 Se 3 (see inset of Fig. 3a ) near that pressure. To find the origin of this change in α (or c/a ratio) we examine the intra and inter QL distances between atomic planes (see Fig. 3b ), and we find that it is the inter-quintuple layer (QL) distance (a QL ) which is responsible for the anomaly in the c/a ratio near 3 GPa.
There is a distinct change in the da QL /dP around 3 GPa (see Fig. 3b ), which can be responsible for the observed changes in the slope of E 2 g and A
2
1g Raman frequencies at this pressure.
It is clear from all the earlier experiments that anomalies in phonon spectrum are present around ∼ 3 GPa. To relate its relevance to ETT, we have performed detailed calculations on the bulk band gap as well as surface electronic structure below and above the transition region (∼ 3 GPa). The direct band gap of the bulk of Bi 2 Se 3 at Γ point increases with pressure and a change in the slope of the band gap appears near 3 GPa (see Fig. 4a ).
Though the direct band gap at Γ point increases monotonically with pressure, the smallest band gap of the bulk first increases upto 6 GPa and decreases above it (see Fig. 4b ). With increasing pressure, the valence band maxima (VBM) and conduction band minima (CBM) change their positions in the momentum space making Bi 2 Se 3 an indirect 21 to direct band gap material above P > 4 GPa 60 . Electronic density of states (see Fig. 4c ) reveal a small change in the band gap of Bi 2 Se 3 as shown for a few typical pressures of 2 GPa, 4 GPa and 6 GPa. The electronic structure of the bulk calculated by including spin-orbit coupling shows a gap of 0.28 eV at ambient conditions. We compare the electronic structure of the bulk at different pressures near this transition (see Fig. 4d ) and we do not find any significant changes in the electronic band dispersions. As Bi 2 Se 3 is a strong Z 2 topological insulator with topological invariant ν 0 =1, we determined the Z 2 invariant ν 0 of Bi 2 Se 3 at pressures upto 8 GPa following the method developed by Fu and Kane 6 for a centrosymmetric material. In this method, we find the parity of the occupied bands at eight time reversal invariant momenta (TRIM), and use the relation (-1)
, where i runs over eight TRIM and δ i =Π m ξ i 2m , ξ 2m being the parity of the occupied bands indexed with 2m at each TRIM (i). We find that ν 0 remains 1 at all pressures upto 8 GPa (see Table II ). This signifies that there is no electronic topological transition occurring in the above pressure range and Bi 2 Se 3 remains a topological insulator before it undergoes a structural transition to monoclinic structure at higher pressure.
As gapless Dirac cone in the surface electronic structure is characteristic of a strong topological insulator, we calculate the electronic structure of the (001) surface of Bi 2 Se 3 as a function of pressure to see any topological change, as it is the non-trivial topology of the bulk electronic wave function which gives rise to symmetry protected Dirac cone on the surface. At ambient pressure, we find a gapless Dirac cone (Fig. 5a ) as expected of a strong Z 2 TI. Our first-principles calculation of the slab of Bi 2 Se 3 reveals that, on the other side of the transition (e.g. at P=5 GPa), band gap does not open up at Γ in its surface electronic spectrum maintaining its topological insulating nature intact (see Fig. 5b ), in agreement with the observed angle-resolved photoemission spectroscopy (ARPES) 17 . Thus, there is clearly no change in the Z 2 topological invariant of the electronic structure of Bi 2 Se 3
through the transition at P∼ 3 GPa.
In the light of recent results of Forster et al 61 , we note that we have determined the topological invariants of Bi 2 Se 3 from calculations of its bulk form. Errors in the band gap in a density functional theoretical (DFT) calculations may result in some errors in the pressure of transition from band to topological insulating states. On the other hand, closure of a gap in the surface electronic structure is sensitive to the error in the DFT band gap, but it is a finite size effect. Topological character can always be ascertained by using a thicker film or slab in the calculations. Now, we discuss the calculated vibrational frequencies of Bi 2 Se 3 as a function of pressure which, do reveal a change in their slopes (see Fig. 6 ) near the transition (i.e. in 2-5 GPa range of pressure) where the rhombohedral angle (α), c/a ratio and inter QL distance exhibit anomalous behaviour (see Fig.3 ). The most significant changes occur in the Raman active and all other modes and hence pressure dependence of this mode originating from strong anharmonicity is not captured within the harmonic analysis presented here.
V. CONCLUSIONS
In summary, our high pressure Raman experiments reveal changes in pressure coefficients (dω/dP) of the A 
